The near infrared (NIR) spectroscopy presents itself as an interesting non-destructive test tool as it enables a fast, simple and reliable way for characterizing large samplings of biological materials in a short period of time. This work aimed to establish multivariate models to estimate the crystallinity indices and tensile and burst strength of cellulosic and nanocellulosic films through NIR spectroscopy. NIR spectra were recorded from the films before tensile and bursting strength, and crystallinity tests.
INTRODUCTION
The development of products from new technologies can create important breakthroughs in various sectors. Greater competitiveness and a more demanding market make the growth of the forest-base industry an even bigger challenge. Therefore, research for the innovation and improvement of products obtained from wood have been incentivized (Missoum et al. 2013) .
Wood is a complex material shaped by nanometric structures that exhibit biometric properties, as well as by the architecture and the organization of these structures (Kollmann and Côté 1968, Déjardin et al. 2010) . The most adequate and rational use of wood as a raw material can be reached through extensive knowledge of its properties, and the understanding that each property could present greater or less importance, depending on the intended final product (Walker 2006) . Near Infrared (NIR) spectroscopy has been applied in the forestry field to evaluate the properties of wood (Tsuchikawa and Schwanninger 2013) . The technique allows the analysis of organic compounds, including nanostructured films, since the spectral occurrences in this region derive mainly from the following bonds: C-H, O-H, N-H, S-H and C=O (Pasquini 2003) .
Associating chemometric tools and NIR spectroscopy makes possible quantitative and qualitative information concerning a range of materials (Burns and Ciurczak 2008) . In the forestry sector, many studies have presented the analytical potential of NIR in discrimination of wood species (Nisgoski et al. 2015) , in estimating chemical (Venãs and Rinnan 2008 , Hein et al. 2010a , Esteves et al. 2013 , physical (Rosso et al. 2013) , mechanical (Kelley et al. 2004 , Fujimoto et al. 2007 , anatomic (Viana et al. 2009 , Sánchez et al. 2013 ) and ultrastructural (Hein et al. 2010b) properties of wood and its products, as oriented strand boards (Kent et al. 2006) , particle boards , medium density fibers boards (Rials et al. 2002 , Belini et al. 2011 ) and cement-wood panels ).
Regarding to cellulosic pulp, many studies have presented promising results for quantitative analysis of its properties through NIR (Fardim et al. 2002 , Pereira et al. 2015 , including the efficiency and Kappa number (Henriksen et al. 2005 , Alves et al. 2007 , Santos et al. 2014 . The investigation of the potential of NIR spectroscopy in order to estimate the mechanical properties of paper is relatively limited, although some studies have presented promising findings (Fardim et al. 2005 , Trafela et al. 2007 , Samistraro and Muniz, 2009 ). To our knowledge, there is no study reporting the use of NIR spectroscopy and multivariate statistics in order to estimate the technological characteristics of nanocellulosic films. Therefore, the goal of this study was to apply the NIR spectroscopy for estimating the crystallinity index, tensile and burst strength in cellulosic and nanocellulosic films.
MATERIALS AND METHODS

Cellulosic and nanocellulosic films
Cellulosic films were produced from cellulose fibers and nanofibers of bleached and unbleached Pinus sp. Kraft pulp. The cellulose nanofibers were obtained through a mechanical process of defibrillation using the Super Masscolloider grinder (Model: MKCA6-2, Masuko Sangyo Co. Ltd., Saitama, Japan). The pulps were mechanically processed through the grinder. The mechanical treatments were based on the number of the passes of the pulps through the grinder. Six treatments were applied: 2, 5, 10, 20, 30 and 40 passes for the bleached and unbleached pulps, besides the nonmechanical treatments, totalling 14 treatments, as can be observed in Table 1 . NIR spectra were recorded on the same samples using reflectance mode before the tests for determining the crystallinity index and the tensile and burst strengths. The samples were previously placed in an acclimatized room with temperature of 23 ± 2 °C and relative humidity of 50 ± 2% for the standardization of readings in the same temperature and humidity. After the NIR spectral aquisition, the films were acclimatized again in the same condition to determine the crystallinity index and mechanical properties: tensile resistance and burst resistance.
Five and four specimens were used per treatment for the regression models for the tensile and burst strength tests, totaling a sample set composed by 70 and 56 specimens, respectively. NIR spectra were recorded from 28 specimens (2 per treatment) for the crystallinity index calibration.
Spectral acquisition
NIR spectra were obtained through a Bruker-Tensor 37 spectrometer (Bruker, Ettlingen, Germany) based on the Fourier transform using OPUS software (version 6.5). The spectral acquisition was carried out in the diffuse reflection mode directly on the films from 10000 to 4000 cm -1 with of 2 cm -1
resolution. The diffuse reflection spectra were used in the multivariate regression analysis after the percentage transformation in [log10 (1/reflectance)] absorbance. Three NIR spectra were recorded for each specimen and each NIR spectrum was obtained through the average of 64 scans. A sintered gold standard was used as background.
NIR calibration and validation
Partial least square (PLS) regression was applied for developing the calibration of the predictive models using The Unscrambler® software (version 10.1). Due to the limited number of samples of each treatment, the PLS regressions to estimate the crystallinity index were validated by cross-validation while the models for tensile and burst strength were validated by independent validation.
The models were adjusted with a maximum of 12 latent variables (LV), where the number of LV selected for each model was the one that minimized the residual variance of the calibration and validation. The verification of anomalous samples was performed through the Student residual graphic, although none was excluded from the models. The NIR range presenting higher regression coefficients were selected for each model though the uncertainty test by Westad and Martens (2000) . First derivatives (13-point filter and a second order polynomial) were applied on the NIR spectra data using Savitsky and Golay (1964) algorithm.
The statistics used for the selecting calibration and validation models were: coefficient of determination in cross-validation (R 2 cv) or independent test set (R 2 p), Root Mean Square Error of Cross-Validation (RMSECV) or independent test set (RMSEP), number of latent variables (LV) and the ratio of performance to deviation (RPD). The RMSE's measures the efficiency of calibration in predicting the properties in unknown samples (Schimleck et al. 2003) while the RPD corresponds to the ratio between the standard deviation of the reference values and the RMSE. This value allows comparing calibrations of different properties, once it enables the standardization of the estimated standard error (Williams and Sobering 1993, Williams 2014) . However, the graphics in Figure 1 b and c reveal a magnitude variation in the peaks as the material was refined mechanically. The peaks associated with the semi-crystalline and crystalline regions of the cellulose presented a reduction in the intensity associated with the decrease of crystallinity. Therefore, it is assumed that the process of defibrillation generates alterations at the molecular level due to the dissolution of carbohydrates or to the aggregation of cellulose nanofibers, as also suggested by Fardim et al. (2005) when evaluating pulps with different refining degrees.
NIR spectroscopy can evaluate: Viana et al. Table 2 lists the summary of the statistics associated with the partial least square regression developed to estimate the crystallinity index, and tensile and burst strength properties from NIR spectra. The selected models were the ones which presented higher coefficients of determination and lower RMSE values for cross-validation and independent test set validation. The models were performed from the untreated spectra and from the first derivative (Savitzky and Golay 1964) NIR spectra. The predictive models for tensile index were developed from 2 data sets: the set presented by 70 specimens includes NIR spectra recorded before mechanical treatment, while the data set presented by 60 specimens only contains the refined films. Regarding the models of the burst index, the calibrations adjusted with 56 samples include the non-treated materials and those from 48 samples contains only mechanically processed films. Table 3 presents the statistics associated with the calibrations and cross-validations of NIR models to estimate the crystallinity index (CI) of nanostructured cellulosic films. As the number of samples was relatively higher, it was possible to validate the calibrations to estimate TI and BI using two different approaches: independent test set and cross-validation (Table 2) . For CI, only the cross-validation was used due to limitations in samples number (Table 3) .
NIR models to characterize materials
The independent and/or cross-validations presented promising statistics for fast characterization of films. In short, the models that included all samples (before and after the treatment) presented R 2 p and RMSEP similar to when the spectra were treated by the first derivative. Generally, the use of spectral treatment (first derivative) resulted in the decrease of the number of latent variables required by the NIR model.
NIR calibration for tensile index
The tensile index of nanostructured cellulosic films also could be estimated by multivariate models based on NIR spectra. The predictive models for TI (models 1 to 4, Table 2 ) were validated by sub-lots that belonged to the calibration set (cross-validation) and by an independent set. The R 2 of the independent test set and cross-validation models varied between 0,65 and 0,83 depending of the spectral treatment (raw or first derivative) or the collection of used samples (Table 2 ). In general, the first derivative treatment improved the informative capacity of the NIR spectrum in comparison to the tensile index of cellulosic films. The models 2 and 4 to estimate the tensile index of films from the first derivative NIR spectra presented better adjustments (R 2 p>80). From these statistics, it can be suggested that the regressions presented little sensibility in comparison to the presence or not of non-treated samples. Figure 2 reveals that there was no cluster formation and the RMSEP of model 4 was the lowest (6,56 N.m/g).
NIR Calibration for burst strength index
The calibrations to estimate the burst index of films presented satisfying statistics. The R 2 of these validations vary from 0,71 to 0,93 and the RMSE did not exceed 1 KPa.m 2 /g (Table 2 ). Model 5 was generated from the untreated NIR spectra and includes samples not processed mechanically. This model presented the highest R 2 and RPD and the lowest RMSE. The relation between the burst index values determined through the universal testing machine and the values estimated through model 5 are NIR spectroscopy can evaluate: Viana et al. presented in Figure 3 . 
NIR Calibration for the crystallinity index
The calibrations to estimate the CI (models 9 to 12, Table 3) presented R 2 cv varying between 0,83 and 0,94 and RPD of 2,18 to 3,77. The models with the most adequate statistics were generated using the untreated NIR spectra (models 9 and 11), which, despite requiring more latent variables to fit, presented higher R 2 and lower RMSE. Figure 4 presents the dispersion of the crystallinity index (CI) values determined in the laboratory and estimated through NIR from model 9. To estimate the crystallinity index, model 9 required the use of 5 latent variables; spectral treatment was not used and was originated from the information of 28 samples. The crystallinity index of cellulose in films could be estimated through a calibration (model 9) for which cross-validation presented a R 2 p of 0,94 an average square root of the lower deviation of 1,3% and a RPD of 3,77 (Figure 4) . It is possible to observe that the eight samples meant for the nonmechanical treatment evaluation were part of the modeling. When these samples were withdrawn from the calibration set (models 11 and 12), the statistics suffered a reduction, although it still provides good estimates (R²cv>0,80 and RMSECV<1,5%).
Regression coefficients
The graphic analysis of the regression coefficients is useful to understand the underlying relations between the magnitude of reflex in certain spectral regions and the variation in the properties of the analyzed material. It is through interactions between these absorbance bands and the technological characteristics of the cellulosic films that it is possible to analyze the tensile, burst and crystallinity indices through the NIR spectra.
Contribution of the absorbance bands to the NIR calibration are presented in Figure 5 for the burst index (black line) and crystallinity (grey line) and in Figure 6 for the tensile index, which was adjusted from the first derivative NIR spectra. The coefficients' magnitudes in the regressions are useful to identify functional groups that were important for the models presented in Figures 2, 3 and 4 . Figures 5 and 6 give a better understanding of how NIR Spectroscopy can be applied to evaluate physical, mechanical and chemical characteristics of nanostructured films.
In Figures 5 and 6 , the absorbance bands were indicated by arrows, as well as their respective wavelength values (cm -1 ) that influenced most in the construction of the models. Between the highlighted bands, some did not present defined attributions (5300, 4509, 4186 cm -1 ). The coefficient regressions shown in Figures 5 and 6 appear to present noise probably due to the low resolution (2 cm -1 ) used for recording NIR spectra.
The region near the absorbance band at 7140 cm -1 was associated to the amorphous structure of cellulose. Tsuchikawa and Siesler (2003a and b) have used NIR spectroscopy to identify and separate the amorphous, semi-crystalline and crystalline regions of the pulp from conifers and hardwoods between the wavelength range of 7200-6100 cm -1 . According to the authors, the region (7200-6100 cm -1 ) could be assigned to the first overtone of stretching vibration of the OH group. The wavelengths of 7000 to 6900 cm -1 were associated to the absorption, in OH groups, of amorphous regions of cellulose, due to the great accessibility noticed in the region. The region between 6800-6600 cm -1 was classified as semi-crystalline due to the accessibility of OH groups, which showed an intermediate value between amorphous and crystalline regions; and, at last, the crystalline regions were associated to the range between 6500 and 6300 cm -1 . Knowing the band's characteristics of the OH group at 6775 cm -1 it could be assigned to the semi crystalline region of cellulose, and at 6450 cm -1 , relative to the stretching of the OH group, it is assigned to the crystalline regions of the cellulose Siesler 2003a, Fujimoto et al. 2007) .
The peak of 5981 cm -1 corresponds to the first overtone stretch of the CH aromatic groups assigned to the lignin. At 5219 and 5050 cm -1 , it is due to the combination of vibrational stretch and deformation of the OH group in water (Mitsui et al. 2007 , Fujimoto et al. 2008 .
For the bands between 4890-4620 cm -1 , the peak at 4280 cm -1 could be assigned to the semi or crystalline regions of cellulose, and at 4421 cm -1 , to the hemicelluloses (Osborne and Fearn 1986) . The band of 4392-4365 cm -1 was assigned to the cellulose, with the peak at 4063 cm -1 (Workman and Weyer 2007, Huang et al. 2012) .
Through the analysis of the regression coefficients, it is noticeable that the bands that contributed the most for the generation of calibration models of the crystallinity index were mainly related to the cellulose structure, once the crystallinity index refers to the quantity of cellulose in the crystalline region (ordered), the region of the fiber where there is higher tensile strength to stretching and salvation (Fengel and Wegener 1984) .
The content of cellulose and crystallinity were also important in the calibration models for tensile and burst index in films, as stated in other studies. Fujimoto et al. (2007) , using NIR for the prediction of mechanical properties of wood, concluded that the absorbance band related to the OH groups in crystalline and semicrystalline regions strongly influenced in the calibrations to determine the mechanical properties, and indicated a positive correlation between α-cellulose, the crystalline region and the resistance of wood. For nanostructured films, authors stated a decrease of tensile and burst in films, along with a reduction in the crystallinity index, observed with the increase of passes (Iwamoto et al. 2008) .
Tensile and burst properties in papers do not depend on just one factor, they should rather be interpreted along with a set of factors related to raw material characteristics and the cellulose extraction process, such as inter-fibers bonds, fiber length, beating degree, bleaching time, density of paper and also crystallinity index (Stelte and Sanadi 2009, Okan et al. 2015) .
Interactions between atoms of different molecules change the states of vibration energies, dislocating absorption bands that already existed and creating new ones, reflecting differences in the crystalline structure. Thus, different crystalline structures could be distinguished and physical properties such as density, viscosity could also be determined in an indirect way. It could be said that the NIR spectra also contains, besides chemical information, physical information that could be used to determine such properties of the samples (Blanco and Villarroya 2002) .
CONCLUSIONS
The results presented in this study show that NIR Spectroscopy and least square regression present the potential to predict the crystallinity index, and tensile and burst properties of nanocellulosic and cellulosic films. The calibrations presented PLS models with statistics considered satisfactory, where the regression coefficient values in the validation vary from 0,85 to 0,94 and the ratio performance to deviation (RPD) varied from 2,23 to 3,77. The model to predict the crystallinity index of cellulose presented higher performance. Through the analysis of the regression coefficients, it is probable to claim that the cellulose, mainly in the crystalline and semi-crystalline regions, is strongly influenced in the calibrations to predict tensile and burst properties of the films. The NIR technique could be a viable tool for the fast determination of tensile properties of cellulosic and nanocellulosic films in online monitoring systems.
